The effects of chain-length dispersity and monomer type on the lubricity of acrylamide-based polymer brushes have been examined in aqueous media. The polymer brushes used have been synthesized by surfaceinitiated, atom-transfer radical polymerization of N,N-dimethylacrylamide (DMAM), N-hydroxyethyl acrylamide (HEAM), and N-isopropylacrylamide. Polymerization reactions have been performed in the presence and also in the absence of CuX 2 and tEtAmX (X = Cl or Br), in order to achieve polymer brushes with substantial differences in their chain-length dispersities. While an influence of the dispersity on the lubricity of the polymer brushes can be observed, it is convoluted with the competing phenomena of hydrogen bonding and increased water content. The most hydrophilic, p(HEAM) brush exhibits the highest friction coefficient (μ) of ≈0.04 compared to ≈0.004 in the case of the p(DMAM) brush. Such a large difference is presumed to originate from the hydrogen bonding between the tribological countersurface (plasmaoxidized poly(dimethylsiloxane)) and the p(HEAM) chains, as evidenced by the substantial reduction in μ when the friction measurements are performed in 5 m urea solution instead of pure milli-Q water.
Impact of Dispersity and Hydrogen Bonding on the Lubricity of Poly(acrylamide) Brushes
Joydeb Mandal, Rok Simic, and Nicholas D. Spencer* DOI: 10.1002/admi.201900321 exhibit improved lubricity in "good solvents," compared to unfunctionalized surfaces. For example, Klein and co-workers, [2] showed that two polymer-brush-bearing mica surfaces exhibit friction forces that lie below the detection limit of the surface forces apparatus, due to the formation of a fluid-like cushioning layer on the surface when the measurements were carried out in "good solvents." Recently, Morgese et al. [3] demonstrated that the degraded surface of cartilage can be modified by adsorbing a graft copolymer carrying hydroxybenzaldehyde (HBA)-functionalized poly(glutamic acid) (PGA) backbone and poly(2-methyl-2-oxazoline) (PMOXA) side chains via Schiff-base formation. The resulting brushy surface was shown to substantially improve the lubricity of the damaged cartilage. In a similar way, poly(l-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) has been used to lubricate metal oxide surfaces in physiological aqueous environments thanks to its ability to adsorb on negatively charged surfaces and to form hairy polymer layers; [4] however, the tendency of PEG to undergo oxidative degradation renders the use of PLL-g-PEG as a practical friction modifier challenging. [5] Apart from stability, other factors such as molecular weight of the tethered polymer chains, [4] side-chain length, [4, 6] grafting density, [4, 7] topology of the tethered polymer chains, [8] and the degree of solvation [9] all play very crucial roles in the ultimate performance of polymer brushes as lubricious surfaces. Very recently, a theoretical study by Klushin et al. [10] using a self-consistent field approach and analytical theory of polymer brushes of varying dispersities, predicted a significant effect of chain-length dispersity on the interpenetration of polymer brushes under compression. With the longer chains mostly contributing to interpenetration of the tethered polymer chains, higher friction was proposed for the polydisperse brushes compared to their monodisperse analogs. However, the effect of chain-length dispersity on the lubricity of polymer brushes has not been examined experimentally to date.
In the present study, we have examined the effect of chainlength dispersity as well as monomer type on aqueous lubrication by poly(acrylamide) brushes slid against an oxidized poly(dimethylsiloxane) (PDMS) surface. Polymer brushes differing in the chain-length dispersity were prepared following our previously reported procedure. [11] The lubricity of the poly(acrylamide) brushes p(N-isopropylacrylamide (NIPAM)), p(N,N-dimethylacrylamide (DMAM)), and p(N-hydroxyethyl acrylamide (HEAM)) was measured by pin-on-disc tribometry
Introduction
Although water, together with surfaces decorated with sugar chains, forms the basis of all biological lubrication systems, humans have typically lubricated their machines with oils and greases. However, efforts have been made to imitate nature's remarkable lubrication systems, one approach relying on the use of brushes of water-soluble polymers as sliding partners, due to their structural resemblance to the components of the articulating surfaces of cartilage and to the mucosal structures that cover epithelial cells. [1] It has been shown in numerous studies that surfaces densely covered with tethered polymer chains (brushes) in general against a surface-oxidized PDMS (Ox-PDMS) pin in milli-Q water and also in aqueous urea solution. As expected, lubricity was found to be heavily dependent on the monomer structure due to the different degrees of hydrogen-bonding interaction between the tethered polymer chains and the Ox-PDMS pin. The presence of urea, a known hydrogen-bond-breaking agent, [12] was found to have very different effects on the lubricity of the three poly(acrylamide) brush types investigated.
Results and Discussion
To understand the effect of dispersity as well as the monomer type on the lubricity of polymer brushes in water, p(NIPAM), p(DMAM), and p(HEAM) brushes of comparable dry thickness but different values of chain-length dispersity were prepared following our recently reported procedure. [11] In brief, the polymerization of NIPAM, DMAM, and HEAM was carried out at room temperature in an 80:20 ethanol/water mixture from a monolayer of atom-transfer radical polymerization (ATRP) initiator, immobilized onto Si-wafers, with CuX (X = Cl or Br) as the catalyst and tris[2-(dimethylamino)ethyl]amine (Me6TREN) as the ligand. It should be borne in mind that the growth kinetics of p(NIPAM), p(DMAM), and p(HEAM) brushes under standard SI-ATRP conditions are almost uncontrolled due to the very low effective concentration of the ATRP deactivator (Cu II X 2 L n ; X = Cl or Br, L = ligand), caused by the displacement of its halide ligand by water molecules. [13] To achieve control over the growth kinetics and also tunability in brush thickness, polymerization reactions were also performed in the presence of tEtAmX and additional CuX 2 (X = Cl or Br), following our recently reported procedure. [11] Hereinafter, the polymer brushes prepared in the absence of tEtAmX and CuX 2 will be designated as "uncontrolled" while those grown in the presence of tEtAmX and CuX 2 will be designated as "controlled." A comparison of the growth kinetics, studied by measuring the dry thickness of the polymer brushes grown under both "controlled" and "uncontrolled" reaction conditions, is presented in Figure S1 in the Supporting Information.
The degree of chain-length dispersity of "controlled" and "uncontrolled" samples was examined by measuring forcedistance curves, obtained by colloidal-probe nanoindentation of the polymer brushes in water, as shown in Figure 1 . For each of the monomers, averaged indentation (force-distance) curves are shown for both controlled and uncontrolled polymerbrush samples of similar dry thickness (see Figure 1a for p(DMAM) brushes). As expected, the indentation depth for both samples, at the maximum applied load of about 50 nN, exceeded their dry thickness, showing that all samples swelled substantially in water. The uncontrolled sample with a dry thickness of 98 nm yielded nearly a twofold greater indentation depth at a given applied force compared to the controlled sample with a comparable dry thickness of 82 nm. Such differences in the stiffness of the swollen polymer brushes are the result of a more gradual increase in polymer-chain density upon indentation in the case of the swollen, uncontrolled sample because of a greater degree of chain-length dispersity, as depicted in Scheme 1. Figure 1b ,c shows similar data for the p(HEAM) and p(NIPAM) brushes, respectively. In a similar way to p(DMAM) brushes, p(HEAM) and p(NIPAM) brushes also swelled significantly in water with controlled brushes showing a greater stiffness. However, the difference in the stiffness of the controlled and uncontrolled p(HEAM) and also p(NIPAM) brushes was much smaller compared to the p(DMAM) analogue. The reason behind such a reduced difference in stiffness could originate from a difference in their chain-length dispersities along with the possible interchain hydrogen bonding in the cases of p(HEAM) and p(NIPAM) brushes because of the presence of H-bonding motifs such as secondary amides and hydroxyl groups, which would tend to resist swelling and provide a uniform stiffness component along the entire depth of indentation.
In order to determine the effect of chain-length dispersity on polymer-brush stiffness, we measured the molecular weights and polydispersity index (M n , M w , and PDI) of the tethered polymer chains by a previously reported procedure that involved their detachment. [14] As expected from the stiffness measurements, the PDI (2.5) of the uncontrolled p(DMAM) brush was found to be significantly higher than that of the PDI (1.5) of its controlled analogue ( Figure S2 , Supporting Information). A similar trend was also observed in the case of p(NIPAM) brushes, with the PDI values being 1.6 and 2.0 for controlled and uncontrolled p(NIPAM) brushes, respectively. The greater difference in PDI values for p(DMAM) brushes is consistent with the much higher difference between the stiffness of the controlled and uncontrolled p(DMAM) brushes, compared to its p(NIPAM) analogues, as determined by AFM-indentation experiments.
The lubricity of polymer brushes differing in their chainlength dispersity was evaluated by measuring the friction force by means of pin-on-disc tribometry when sliding against PDMS pins that had been treated for 1 min in oxygen plasma (Ox-PDMS). The measurements were carried out in milli-Q water as a function of sliding speed under a mean contact pressure of about 0.35 MPa. Representative plots of the friction coefficient (μ) as a function of sliding speed are presented in Figure 2 . Both controlled and uncontrolled p(DMAM) brushes exhibited relatively similar behavior and notably they showed friction coefficients (μ) as low as 0.004 for sliding speeds varying from 1 to 8 mm s −1 -among the lowest friction coefficients for a neutral polymer brush ever reported, Figure 2a . When the sliding speed was decreased to 0.2 mm s −1 , the coefficient of friction μ was seen to gradually increase from 0.004 to 0.01 (Figure 2a ). We attribute this behavior to the expulsion of water from the brush within the contact zone due to poroelastic effects. Furthermore, the uncontrolled p(NIPAM) brush with higher dispersity also showed a remarkably low μ in the range of 0.002-0.008 for a sliding speed in the range of 0.5-8 mm s −1 ; however, the controlled p(NIPAM) brush with comparatively lower dispersity exhibited a substantially higher μ under similar experimental conditions ( Figure 2b ). The reason for this high μ in the case of controlled p(NIPAM) brush was assumed to be due to the somewhat poorer solubility of p(NIPAM) in water, which leads to the p(NIPAM) brush with low dispersity adopting a less swollen state thanks to a much higher density of polymer chains at the outer edge of the brush, compared to the highly disperse system, as shown in Scheme 1. The μ (0.015-0.04) observed in the case of both controlled and uncontrolled p(HEAM) brushes was the highest among all three systems, despite being the most hydrophilic polymer, as demonstrated by a static water contact angle of 10°, compared to 30° and 58° for p(DMAM) and p(NIPAM) brushes, respectively ( Figure S3 , Supporting Information). This high friction in the case of p(HEAM) brushes was suspected to be a consequence of hydrogen-bond formation between the Ox-PDMS pin and the hydroxyl groups of the p(HEAM) chains and physical crosslinking caused by interchain hydrogen bonding, as illustrated in Scheme 2a. We assume that the uncontrolled brush, with its higher concentration of dangling chains, is better placed to interact with the Ox-PDMS countersurface via multiple H-bond attachments, leading to higher friction.
In order to test the hypothesis of hydrogen-bond formation, the same tribological measurements were carried out in the presence of 5 m urea solution, as urea is known to be an effective hydrogen-bond-breaking agent. [12] As predicted, for the p(HEAM) brushes, μ for the high-and low-dispersity brushes dropped significantly to values as low as 0.006 and 0.009, respectively, in the range of sliding speeds from 0.5 to 8 mm s −1 (Figure 2c , Supporting Information). The obtained μ values were very similar to those of p(DMAM). Therefore, the decrease in μ is presumably the result of competition between the hydroxyl oxygen of p(HEAM) chains and the carbonyl oxygen of urea in acting as an efficient hydrogen-bond acceptor. Urea breaks the interchain hydrogen bonds as well as replacing the p(HEAM) chains in their H-bonding interaction with the Ox-PDMS pin, as shown in Scheme 2c. Similar experiments were also carried out with p(DMAM) and p(NIPAM) brushes. While the p(DMAM) brushes did not exhibit any noticeable difference in their tribological behavior irrespective of the presence or absence of urea, as shown in the Figure 2a , the p(NIPAM) brushes exhibited a substantial increase in friction coefficient in the presence of urea (Figure 2b) .
To understand the nature of the interaction between the urea molecules and the tethered polymer chains, the swelling behavior of all three controlled polyacrylamide brushes was examined in both milli-Q water and 5 m urea solution by measuring force-distance curves, obtained by colloidal-probe nanoindentation, as shown in Figure 3 . Figure 3b shows the forcedistance curves corresponding to the p(HEAM) brush swollen in milli-Q water as well as in 5 m urea solution. As expected, the indentation depth, at the maximum applied load of about 200 nN, was higher in the urea solution compared to that in milli-Q water. Assuming that the brush was compressed almost to its dry thickness at the highest load, the larger indentation depth therefore corresponds to a higher degree of swelling. The higher degree of swelling of the p(HEAM) brush in the urea solution is the result of urea molecules forming hydrogen bonds with the hydroxyl groups of the p(HEAM) chains, which in turn reduces the degree of physical-crosslinking by breaking the interchain hydrogen bonds as discussed in Scheme 2c. Since the enhanced swelling seems to be less significant than the observed reduction in friction in the presence of urea (Figure 2b) , it is plausible that the breakage of hydrogen bonds between the hydroxyl groups of the p(HEAM) chains and the Ox-PDMS surface is the dominant mechanism for friction reduction in this case. Figure 3c shows similar data for the p(NIPAM) brush. Interestingly, the force-distance curves corresponding to the p(NIPAM) brush exhibited an opposite swelling behavior to that of the p(HEAM) brush. The indentation depth, at a particular applied load, was significantly lower in the urea solution compared to that in milli-Q water. The lower degree of swelling in the urea solution compared to that in milli-Q water is the result of hydrophobic collapse of the p(NIPAM) chains, likely caused by bivalent hydrogen bonding of urea with the p(NIPAM) chains, as proposed by Sagle et al. while studying urea-based denaturation of protein using p(NIPAM) as a model system. [12a] Such urea-induced collapse of the p(NIPAM) chains could be the primary reason behind the increased friction observed in urea solution as shown in Figure 2c .
In contrast to the behavior of p(NIPAM) and p(HEAM) brushes, no noticeable difference was observed between the force-distance curves obtained for the p(DMAM) brush swollen in milli-Q water and 5 m urea solution. Because of the absence of strong H-bonding-motifs such as secondary amide and/or hydroxyl groups, which were present in the case of p(HEAM) and p(NIPAM) brushes, the p(DMAM) chains appear relatively passive towards urea molecules. Such passivity would also explain why the lubricity of p(DMAM) brush remained unaffected irrespective of the presence of urea (Figure 2a ).
To further confirm our hypothesis, we used quartz-crystal microbalance with dissipation monitoring (QCM-D) to measure the change in the mass and the viscoelasticity of the polymer brushes via the change in frequency (ΔF) and dissipation (ΔD) as a function of molar concentration of urea in the medium. In brief, p(NIPAM), p(DMAM), and p(HEAM) brushes, grown from SiO 2 coated QCM-sensors along with one untreated sensor were placed inside four QCM-D flow cells and milli-Q water was flowed through them in series. Once a stable baseline was established in milli-Q water, the medium was changed Adv. Mater. Interfaces 2019, 6, 1900321 to 0.5 m, to 1.0 m, to 2.0 m, and to 5.0 m urea solutions and finally back to pure milli-Q water. In the case of the untreated sensor, each time the concentration of urea was increased, we observed a decrease in frequency (ΔF) and increase in dissipation (ΔD) (not shown), which is solely the effect of changing viscosity as a function of urea concentration. To rule out the effect of viscosity in a first approximation, the values obtained from the untreated sensor were subtracted from the values obtained with the polymer brush modified QCM-sensors and are presented in Figure 4 .
The QCM sensor, modified with a p(NIPAM) brush, exhibited an increase in the resonance frequency when milli-Q water was exchanged with urea solution as a result of mass loss due to expulsion of water molecules from within the polymer brush. The change in the frequency (ΔF) and hence the effective mass loss was seen to be proportional to the concentration of the urea solution. The associated decrease in the dissipation (ΔD) indicates a stiffening of the p(NIPAM) brush as a result of the urea molecules acting as a bivalent hydrogen bonding agent [12a] , causing the p(NIPAM) chains to undergo a hydrophobic collapse, already seen in colloidal-probe nanoindentation experiment (Figure 3c ).
On the other hand, p(DMAM) and p(HEAM) brushes ( Figure 4 ) showed a decrease in the resonance frequency when milli-Q water was exchanged with urea solution, indicating an increase in the effective mass which could be due to (i) swelling of the polymer brushes and/or (ii) exchange of water molecules by heavier urea molecules. The small changes in dissipation values in the case of p(DMAM) brush reconfirms its inertness towards urea molecules and hence the observed change in the resonance frequency is simply the result of the exchange of water molecules by heavier urea molecules. The dissipation also remained almost unchanged in the case of p(HEAM) brush, although the corresponding force-indentation curves exhibited slightly higher swelling of the p(HEAM) brush in urea solution compared to that in milli-Q water.
Conclusion
A tribological study of acrylamide-based polymer brushes sliding against an Ox-PDMS pin in milli-Q water exhibited remarkably low coefficients of friction, which were highly dependent on the ability of the polymer brushes to form hydrogen bonds within the chains as well as between the polymer chains and the Ox-PDMS pin. The p(HEAM) brushes, despite having the highest hydrophilicity, exhibited the highest friction among the three systems. This was demonstrated to be due to hydrogen-bond-induced adhesion between the p(HEAM) chains and Qx-PDMS pin, as shown in Scheme 2, evidence being provided by a significant lowering in friction coefficient and an increase in the degree of swelling when the measurements were carried out in the presence of urea-a well-known H-bond breaker. On the other hand, p(NIPAM) brushes exhibited much higher friction in the presence of urea, presumably due to the urea-induced collapse of the p(NIPAM) chains, as supported by a significant decrease in the degree of swelling, while p(DMAM) brushes were unresponsive to the presence of urea. The observed disparity in the swelling behavior and hence lubricity of the three acrylamide polymer brushes in urea solution is the result of a subtle interplay of hydrogen bonding between the monomer units, water molecules and urea molecules present in the system. Such complex behavior of the three acrylamide polymers has revealed that H-bond tailoring is an important new consideration in the design of new polymer-brush-based systems for efficient aqueous lubrication.
Experimental Section
Materials: α-Bromoisobutyryl bromide (98%), (3-aminopropyl)triethoxysilane (97%), dichloromethane (99.8%, extra dry), triethylamine (99.5%), copper(II) bromide (99%), copper(II) chloride (99%), tris[2-(dimethylamino)ethyl]amine (97%) were purchased from Sigma Aldrich (Germany) and used as received. N-isopropylacrylamide (97%), N, N-dimethylacrylamide (99%) were purchased from Sigma Aldrich (Germany), whereas N-hydroxyethylacrylamide (>97%) was purchased from Tokyo Chemical Industries. N-isopropylacrylamide was purified by crystallizing it from a 60:40 (v/v) toluene/hexane mixture and was dried in vacuum prior to use, while other monomers were used without any purification. Cu(I) chloride (99.99%) and Cu(I) bromide (99.99%) were purchased from Sigma Aldrich and were purified by stirring overnight in glacial acetic acid, filtering, and washing several times with acetone, diethyl ether and finally drying under vacuum. Silicon wafers (P/B h100i) were purchased from Si-Mat Silicon Wafers (Germany) while SiO 2 -coated QCM sensors were purchased from Q-Sense (Sweden).
Immobilization of SI-ATRP Initiator:
SiO 2 -coated sensors and the Si-wafers were first cleaned by sonicating them in toluene and isopropanol followed by UV/ozone (ProCleanerTM and ProCleanerTM Plus, BioForce, (USA)) treatment for 35 min. The substrates were then functionalized with (3-aminopropyl)triethoxysilane (APTES) by vapor deposition and subsequently washed with toluene and dried under a stream of nitrogen. The APTES-modified substrates were then reacted with α-bromoisobutyryl bromide (BIBB) by immersing them in a 10 mg mL −1 solution of BIBB in dry dichloromethane (DCM) containing triethylamine and kept under argon atmosphere. The reaction was continued for three hours and finally the substrates were cleaned with DCM, dried under nitrogen gas and used to carry out SI-ATRP.
Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP) Uncontrolled SI-ATRP: An exemplary procedure for the polymerization using DMAM is reported here. A mixture of (4g, 40.35 mmol) DMAM, (43 μL, 0.16 mmol) Me6TREN, and 80:20 ethanol/water mixture (10 mL) was degassed by bubbling nitrogen gas for 45 min and subsequently transferred using a syringe to a flask containing the (8 mg, 0.08 mmol) CuCl, kept under nitrogen. The syringe was flushed 3-4 times with nitrogen gas before drawing the reaction mixture. The solution was then stirred for 10 min until the catalyst had completely dissolved and finally transferred to a degassed conical flask containing the initiator-modified Si wafers and QCM-sensors. The polymerization was continued for 30 min and finally quenched by exposing the reaction mixture to air.
The polymerization of HEAM was performed following the same protocol; however, in the case of NIPAM, CuBr was used as the catalyst instead of CuCl.
Controlled SI-ATRP: In order to achieve control over the polymerization kinetics, the polymerization of DMAM was carried out in the presence of 0.5 equivalent CuCl 2 and 60 equivalents tEtAmCl with respect to the molar concentration of CuCl. In the case of HEAM, the amounts of CuCl 2 and tEtAmCl were 0.2 and 20 equivalents with respect to the molar concentration of CuCl. However, in the case of NIPAM, the polymerization was carried out in the presence of CuBr 2 and tEtAmBr because CuBr was used as the catalyst. The amounts of CuBr 2 and tEtAmBr used were 0.2 and 50 equivalents, respectively.
The polymerization reactions under controlled reaction conditions were continued for 3 h because of slower SI-ATRP kinetics to achieve polymer brushes with dry thickness similar to that of the uncontrolled brushes.
Adv. Mater. Interfaces 2019, 6, 1900321 Detachment of Polymer Brushes: Six 2 cm x 2 cm Si-wafers, coated with polymer brushes were placed in an Erlenmeyer flask containing 20 mL 0.04 m TBAF solution in HPLC grade tetrahydrofuran (THF). The samples were incubated at 60 °C using an oil bath for 12 h. The THF solution turned hazy after the detachment of the polymer brush, but became transparent upon addition of 2 mL methanol. The final solution was then transferred to a 25 mL round-bottomed flask and the solvent removed in a rotary evaporator. The residue was redissolved in 0.5 mL of HPLC grade dimethyl formamide (DMF) containing toluene as a sizeexclusion chromatography (SEC) marker and filtered through 0.25 μm filter paper.
Size-Exclusion Chromatography: The molecular weights of the detached brushes were determined by a Viscotek SEC (Malvern, Germany) using a Viscotek 302 TDA detector module (triple detector array comprising RI, light scattering, and viscosity detectors). The separation of the polymers was achieved using two columns (PLGel Mix-B, PLGel Mix-C, from Agilent) and DMF as eluent at 45 °C with a flow rate of 1.0 mL min −1 . The molecular weight of all the polymers was estimated by conventional calibration with polystyrene (PS) standards. Grafting density was calculated based on a previously reported procedure by Kang et al. [15] Characterization of the Films: Contact-angle measurements were carried out with milli-Q water, using a Krüss DSA100 (Germany) instrument, equipped with a high-resolution camera in sessile-drop mode. The dry thicknesses of the polymer films were measured using variable-angle spectroscopic ellipsometry, (VASE) M-2000F (LOT Oriel GmbH, Darmstadt, Germany). The brush-supporting Si wafers were in all cases assumed to be covered with a 2-nm-thick silicon dioxide film. Determination of ψ and Δ as a function of wavelength (275-827 nm) was carried out by employing the WVASE32 software package (LOT Oriel GmbH, Darmstadt, Germany). The analysis of the brush layers was performed based on a Cauchy model: n = A + B λ −2 where "n" is the refractive index, "λ" is the wavelength and "A" and "B" were assumed to be 1.45 and 0.01, respectively, as values for transparent organic films.
Atomic Force Microscopy Nanoindentation: An AFM (MFP-3D, Asylum Research, Santa Barbara, USA) was used to perform the colloidal-probe nanoindentation. The normal spring constant k of the Au-coated tipless cantilevers (NSC-36, Mikromash, Estonia) was determined using the Sader method. [16] By means of a home-built micromanipulator, a silica microsphere (GP0083, Whitehouse Scientific, Waverton, UK) with a radius of 12-13 μm was glued with 2-component epoxy resin adhesive (UHU GmbH, Germany) to the end of the tipless cantilever. The effective spring constant at the colloid position was then obtained as k′ = k (L/L′) 3 , where L and L′ are the cantilever length and the distance from the base of the cantilever to the colloid position, respectively. [17] The obtained spring constants were 0.426 N m −1 for the cantilever used in the polydispersity experiments and 1.27 N m −1 for the cantilever used in the experiments concerning the effect of urea. All experiments were performed at room temperature of 22 °C ± 1 °C in a liquid cell with samples fully covered with milli-Q water or 5 m urea solution in order to allow the swelling of the polymer brushes and to minimize any capillary forces between the probe and the sample. Prior to the measurements, the optical lever sensitivity S was calibrated by pressing the probe against a hard surface of a silicon wafer in milli-Q water or 5 m urea solution to obtain the ratio between the cantilever deflection ∂ and the photodiode signal U. Due to insignificant indentation during such calibration, the deflection ∂ was assumed to be equal to the piezo displacement Z. The force exerted on the probe was therefore calculated as F = k′ S U. The approach and retraction velocity during the indentation of the samples were set to 1 μm s −1 . Force maps of 4 × 5 force curves were obtained over an area of 40 × 40 mm 2 on three different locations of a sample.
For the data analysis, an initial acquisition rate of 2000 Hz was filtered using a moving average with a width of 20 and a step of 5 data points to reduce the noise level away from the surface to a standard deviation of σ ≈ 7 pN. After removing the background slope and the offset calculated from the signal away from the surface, the contact point was determined on the approach curve as the last data point lying within 2σ from the zero-force line. Indentation depth was calculated as d = Z − ∂, in order to obtain the force-indentation (F-d) curves. Since the contact-point determination is very sensitive, due to the low S/N ratios at that part of the signal, the F-d curves were further aligned to their average maximum indentation depth; i.e., each indentation curve was shifted in depth such that its maximum indentation depth coincided with the average maximum indentation depth. In this way, substantially better overlap of the indentation curves was obtained with only the originally determined contact points now being somewhat scattered around the average contact point at zero indentation depth. The obtained force values at zero indentation depth were subtracted from the force curves to ensure that each force curve starts at the origin of the F-d coordinate system. Due to the uneven distribution of the data points on the indentation axis, the individual force values from F-d curves were interpolated to a common indentation axis with a step of one nanometer. The interpolated values were used to calculate an average F-d curve and standard deviations at each indentation depth for each sample. Such averaged curves with error-bars representing ± one standard deviation are presented in the Results section.
PDMS Pin Preparation: PDMS was employed as an elastomeric counterpart (pin) against the polymer brushes in the pin-ondisc tribometry experiments. A commercial silicone elastomer kit (SYLGARD-184 silicone elastomer, base and curing agent, Dow Corning, Midland, MI, USA) was used to prepare the PDMS pins. A commercial polystyrene cell-culture plate with round-shaped wells (radius 3 mm, 96 MicroWell Plates TM, NUNCLON TM Delta Surface, Denmark) was used as master to prepare the PDMS pins with hemispherical ends. The PDMS pins were prepared following a conventional recipe. Briefly, the base and crosslinker of the SYLGARD-184 elastomer kit were mixed at 10:1 ratio (by weight). The foams generated during mixing were removed by gentle vacuum. The mixture was transferred into the master and incubated overnight in an oven at 70 °C. The uncrosslinked monomers were removed by Soxhlet extraction in hexane for 48 h. The surface of the PDMS pins was hydrophilized by means of oxygen plasma treatment for 1 min prior to use in the tribological tests.
Pin-on-Disc Tribometry: The macroscopic-scale tribological properties of the polymer brushes were characterized by means of pin-on-disc tribometry (CSM Instruments SA, Peseux, Switzerland) where the load was controlled by a dead weight and the friction forces were measured by a strain gauge. Once the contact between the loaded PDMS pin and the disc (polymer brush) was formed, the disc was moved reciprocally with a stroke length of 5 mm, thus generating sliding friction forces. PDMS pin with an end-radius of 3 mm was employed as a standard pin material. The raw data for the friction forces were recorded as a function of time using the software (InstrumX version 2.5A) provided by the manufacturer. All measurements were carried out in milli-Q water. The speed was varied from 0.2 to 8 mm s −1 under a fixed load of 1 N. The number of sliding cycles was 20 for each measurement. The average friction force was calculated for the middle 20% of the stroke length from the latter half of the cycles to avoid ''running-in'' effects and presented as an average friction coefficient μ as a function of the sliding speed.
QCM-D: The polymer brush/urea interaction was studied by monitoring the change in mass and viscoelasticity of the polymer brushes using QCM-D. In brief, three polyacrylamide brushes grown from SiO 2 coated QCM-sensors along with one untreated sensor were placed inside the QCM-D flow cells and milli-Q water was flowed through them in series using syringe. Once a stable baseline was established in milli-Q water, the medium was changed to 0.5 m, to 1.0 m, to 2.0 m, and to 5.0 m urea solution and finally back to milli-Q water.
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